Aims: To describe the long term mortality experience of a cohort of 2187 male chemical production workers previously exposed to substantial levels of dioxin. Methods: Vital status for a previously identified cohort was determined for an additional 10 years, to 1995. Dioxin exposures took place before 1983 and were sufficient to result in chloracne in 245 individuals. Mortality rates were compared with national figures and with a large pool of co-workers in unrelated production jobs. Results: All cancers combined (standardised mortality ratio (SMR) = 1.0, 95% CI 0.8 to 1.1) and lung cancer (SMR = 0.8, 95% CI 0.6 to 1.1) were at or below expected levels. Rates for soft tissue sarcoma (SMR = 2.4, 95% CI 0.3 to 8.6) and non-Hodgkin's lymphoma (SMR = 1.4, 95% CI 0.6 to 2.7) were greater than expected overall, but below expectation in the update period. No trend of increasing risk with increasing exposure was observed for these cancers. Workers who developed chloracne had very low all-cancer rates (SMR = 0.5, 95% CI 0.3 to 1.0), and lung cancer rates (SMR = 0.3, 95% CI 0.0 to 1.1). Conclusions: We found no coherent evidence of increased cancer risk from dioxin exposure in this cohort. Our study highlights the wide range of cancer rates and the lack of consistency across dioxin studies.
R ecently, the International Agency for Research on Cancer (IARC) classified 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) as a proven human carcinogen, based on animal studies and mechanistic information. However, the epidemiology evidence on carcinogenicity was determined to be limited. 1 Increased risk of lung cancer, non-Hodgkin's lymphoma (NHL), soft tissue sarcoma (STS), and all cancers combined were observed in some but not all studies of persons with substantial dioxin exposures. [2] [3] [4] [5] We report on the third update of the mortality experience of 2187 Dow Chemical Company workers who were likely exposed to substantial levels of dioxin. Exposure determinations were developed through industrial hygiene monitoring and analysis of historical plant operations, combined with complete detailed work histories of all cohort members. For many subjects, diagnosed cases of chloracne could be traced directly to particular high exposure incidents; hence, we believe the degree of exposure within the cohort in general is corroborated by the 245 or more documented reports of chloracne. [6] [7] [8] [9] Most of the workers in our study are also included in both the IARC International Study and the NIOSH Dioxin Registry, contributing 45% of the person-years of the latter. 2 Aside from being the largest component, the Dow cohort has the longest follow up (that is, a maximum of 55 years) of any plant study group in either of these combined studies. The current update provides an opportunity to examine the consistency of findings from multi-plant studies by NIOSH and IARC with our study group.
MATERIALS AND METHODS
Details of worker selection and exposure classification have been described elsewhere. 9 Briefly, work records were used to identify 2187 males who had worked in any of the production areas with potential dioxin exposure. All of the production units involved had ceased operations prior to 1983. Five female workers were excluded from analyses. All of the females were alive at the close of the study; one was retired, while the other four were still active employees. Descriptions of tasks performed in each of 500-plus jobs with potential exposure were drafted. Vapour phase chromatography provided estimates of TCDD concentrations in process streams and intermediate or end products from five production areas, as summarised by Ott and colleagues. 9 Additionally, 2282 rabbit ear bioassays for chloracnegenic response were conducted. Each job title was assigned a TCDD exposure score of 0-4 based on the above data, industrial hygiene monitoring, description of job duties, process flow diagrams, and assessment of major production process changes. An increase 
Main messages
• When follow up of the Dow Chemical Company cohort of 2187 male dioxin exposed workers was extended an additional 10 years, mortality from all cancers combined occurred at background levels, but lung cancer deaths were 20% fewer than expected.
• No additional deaths from soft tissue sarcoma occurred, and non-Hodgkin's lymphoma mortality declined.
• There was no coherent evidence of a link between dioxin and cancer(s) in this cohort.
• The diversity of outcomes among this study, other published research, and the cohorts contributing to the NIOSH Dioxin Registry and the IARC multinational study suggests that no single agent is likely to be the cause of all the cancers commonly attributed to dioxins.
See end of article for authors' affiliations in one score unit was considered equivalent to a tenfold relative increase in TCDD exposure intensity. Biomonitoring data were not available for this cohort. Diagnoses of chloracne were made through a multilevel review of company medical records.
10
Person-years at risk for mortality were accumulated for each subject, beginning on the date he first worked in a job with potential exposure to dioxins, but no earlier than 1940. For the analyses of chloracne diagnosed workers, person-years were counted from the date of diagnosis. Vital status was followed until the end of the study period, 31 December 1994. Follow up was 100% complete and death certificates were obtained for all decedents. A certified nosologist coded the cause of death.
We used a modified life table program to calculate standardised mortality ratio (SMR) risk estimates and 95% confidence intervals (CI) relative to the US white male population.
11 A Mantel-Haenszel procedure was used to test mortality differences among cumulative exposure categories. 12 A large pool of local workers with no experience in the targeted departments and who presumably had only background exposure to dioxin served as a baseline reference. Linear trends in mortality across exposure groups were tested by Mantel's single degree of freedom χ 2 procedure. 13 Internal analyses were stratified by age, calendar year, and hourly/ salary status. Table 1 presents the original study findings of Cook et al and the three updates. [6] [7] [8] [9] We added 15 years of follow up to the original study and 10 years to the last update. While results of the original study were based on 61 cancer deaths, the current update examined 168 deaths from cancer. As in previous studies of these workers, total mortality in the most recent update was less than expected (SMR = 0.9, 95% CI 0.8 to 1.0). All cancers combined (SMR = 1.0, 95% CI 0.8 to 1.1) and lung cancer (SMR = 0.8, 95% CI 0.6 to 1.1) were at or below expected levels, but STS (SMR = 2.4 95% CI 0.3 to 8.6) and NHL (SMR = 1.4, 95% CI 0.6 to 2.7) were greater than expected. No STS deaths occurred in the most recent update period, thus reducing the relative risk from 5.0 in the Bond et al study to 2.4 in the present study. Since 1984, two additional deaths from NHL occurred, whereas 2.9 were expected. Risk estimates for stomach cancer (SMR = 1.5, 95% CI 0.7 to 2.7) and prostate cancer (SMR = 1.7, 95% CI 1.0 to 2.6) were greater than 1.0, while those for bladder cancer (SMR = 0.7, 95% CI 0.1 to 2.0) and cancer of the brain and other central nervous system (SMR = 0.6, 95% CI 0.1 to 1.8) were less than 1.0 (not shown). Applying a 25 year induction-latency period to the analyses did not appreciably change the findings (not shown).
RESULTS
The 245 workers with chloracne generally had lower death rates than the comparison group (not shown). The SMR for all causes was 0.7 (95% CI 0.5 to 0.9, 51 observed), all cancers was 0.5 (95% CI 0.3 to 1.0, 10 observed), lung cancer was 0.3 (95% CI 0.0 to 1.1, two observed), STS was 10.9 (95% CI 0.3 to 61.9, one observed), and non-Hodgkin's lymphoma was 0.0 (95% CI 0.0 to 5.7, 0.7 expected). Table 2 shows mortality analyses by cumulative exposure categories, using internal and external comparison groups. There were no linear trends observed for any of the cancers. Workers with very high dioxin exposure had more observed than expected cancer deaths (relative risk (RR) = 1.4, 95% CI 0.9 to 2.0) and deaths from STS (RR = 15.8, 95% CI 5.2 to 47.8, two cases), but most other exposure categories for these cancer deaths had relative risks at or below 1.0. There were fewer lung cancer deaths than expected in the higher exposure categories, with a relative risk of 0.7 (95% CI 0.3 to 1.8) in the highest group. There were only small differences in risk estimates between internal or external comparisons.
DISCUSSION
Several characteristics contribute to the importance of this cohort. We traced 2187 workers with complete follow up and job histories for an average of 30 years. Although biomonitoring data were not available, Dow's analytical and industrial hygiene data were the most comprehensive of any in the NIOSH Dioxin Registry or the International Dioxin Study. 9 14 High dioxin exposures were corroborated by clinically confirmed chloracne documented among 11% of the cohort.
Recent evaluations of dioxin workers have focused on total cancers, lung cancer, soft tissue sarcoma, and non-Hodgkin's lymphoma. Of these, increased risk of lung cancer is the most consistent finding in the studies with high exposure. 1 However, we find lung cancer rates at or below expected levels among all dioxin workers as well as workers with chloracne, and we find no increased risk with increasing exposure. Both the IARC multination study and NIOSH Dioxin Registry report a wide range of lung cancer risks by plant site. 15 16 In the latter, SMRs for lung cancer vary from 0.7 to 2.4, but the excess risk derives mainly from two of the 12 plants. 17 Risk estimates in the IARC Registry ranged from 0.0 to 3.0. Other reports also provide mixed results for various groups of workers. 5 18 Although sampling variation is a possible explanation for the wide range of SMRs, potential confounding at the plants with high SMRs is another possibility often mentioned. Due to the unavailability of data on tobacco use, no adjustment for smoking behaviours was made in the Dow cohort. However, since for internal comparisons both exposed and unexposed workers were drawn from a geographically and socioeconomically uniform population, confounding by smoking or other factors is likely not appreciable. In the previous update of the Dow cohort, STS was cited as the underlying cause on death certificates of two subjects, but no additional cases were ascertained in the current update. Although there was a single case of STS among workers with chloracne, this case was in fact confirmed by pathologists to be a renal clear cell carcinoma. Soft tissue sarcomas ascertained from death certificates are subject to serious misclassification error, although differential misclassification among exposed and referent populations seems unlikely. [19] [20] [21] Nevertheless, reclassification of few cases of an uncommon cancer could have a profound impact on the overall STS risk estimates among dioxin exposed persons. Reports cite four instances of STS misclassification among workers in the NIOSH registry. 17 Additionally, this outcome is inconsistent within the registry. Only one other of the 12 component subcohorts contributed cases to the overall total of four STS cases diagnosed on death certificates of exposed workers.
We found a slight increase in non-Hodgkin's lymphoma in our study, similar to net risk estimates reported by NIOSH 17 and IARC. 3 However, the relative risk was not related to exposure level, and was imprecise. There were no non-Hodgkin's lymphoma deaths among chloracne diagnosed workers, though only 0.7 were expected. This cohort contributed seven of the 10 cases of NHL reported by NIOSH, 17 while three additional cohorts reported one case each. The lack of consistency across studies and our equivocal findings caution against a causal interpretation for this finding.
Mortality from prostate cancer remained moderately increased as in previous reports. 9 It was also slightly increased in the NIOSH and IARC registries, 3 17 although IARC showed no difference between TCDD exposed and unexposed workers (1.11, 1.10, respectively). The degree to which these findings were influenced by the Dow cohort was not stated. Results of other studies were mixed. 4 22 23 Because of high background incidence of prostate cancer in the general population, inconsistency of diagnosis, and the strong influence of competing risks, the evidence for an occupational aetiology for prostate cancer is not compelling.
We observed cancer deaths at expected levels for the entire cohort (168 observed, 170.4 expected), but observed deaths exceeded expected deaths only in the highest cumulative exposure group (26 observed, 19.9 expected), without evidence of a trend. Workers with chloracne had a 50% deficit for all cancers combined. Many studies of highly exposed dioxin workers and 8 of 12 NIOSH subcohorts report a small increase in risk for all malignant neoplasms combined, but no particular cancer site has been consistently prominent across studies. A causal relation of this nature would be very unusual in occupational studies since all known carcinogens precipitate one or more cancers of specific types. Some have suggested that dioxin may be a generalised carcinogenic agent which may act as a tumour promoter at multiple sites by increasing cell proliferation or inhibiting apoptosis. 24 This, however, does not explain the lack of specificity seen across cohorts. Others have proposed that confounding exposures could be producing the all cancer increased risk in the dioxin cohorts. 25 Given the wide range of site specific cancer risks among persons with high dioxin exposures, a single agent 
